Introduction
Liposome, a closed phospholipid bilayer membrane, has a nano-order interface (~5 nm) harboring hydration layer and low-k (hydrophobic) layer on its surface.
It has been reported that the liposome could recognize the molecule through the combined interactions, such as electrostatic and hydrophobic interaction and hydrogen bonds stability 1 ～ 3) . Some new aspects of the liposome membrane itself, which could be induced under stress condition, have recently been reported 4) : (a) molecular chaperone-like function to assist the protein refolding 5 ～ 7) , (b) protein translocation across the membrane 8) , (c) function as a mediator/initiator of membrane fusion 9 ～ 11) , (d) LIPOzyme functions (Liposome + Enzyme) 12 ～ 19) . The use of the liposome (or LIPOzyme) could let us design and develop the liposome-based separation/reactor system.
The immobilization of such a liposome is an important technique for the above-mentioned purposes. It has recently been reported that the liposome can be utilized as a molecular recognition element in several analytical methods, such as (i) immobilized liposome chromatography (ILC) / immobilized liposome membrane (ILM) 1, 3, 20) and (ii) immobilized liposome sensor (ILS) 21 ～ 23) . The above analytical methods enable us to obtain the independent parameters of the liposome molecule interaction, such as charge, hydrophobicity, and hydrogen bond stability. At the same time, the above immobilized liposome techniques can also be applied for the stress-mediated mutual separation of proteins 20) and for the protein refolding column 1) . In these immobilized liposome matrixes, the liposome was immobilized via (a) physical entrapment method 24) , (b) antigen-antibody method 25) , (c) hydrophobic ligand method 26) , (d) covalent binding method 27) and so on. Although these immobilization methods can be utilized for the bioseparation uses, there are some problems such as the capacity of immobilized liposome, the stability of the immobilized liposome, difficulty or non-scalability of the column operation and so on. It is important to develop a new immobilized liposome matrix to overcome the above problems.
Hollow fiber membrane module is widely applied for the bioremediation, water purification, biomedical uses and could be a powerful tool to solve the above problems 28) . Although a possible use of the planer membrane as a support of the immobilized liposome has been previously reported, the stability of the liposome is not so high to apply it for the practical uses.
Membrane module, consisted of hollow fiber membranes, has been produced in some membrane companies and utilized in the many research areas 29) .
Considering the morphology of the membrane itself, more effective method for the liposome immobilization could be developed. Polysulfone (PS) hollow fiber membrane, produced in Toray, is a porous membrane and the pore size is varied in a gradual manner (wide from the outside, narrow to the inside of a fiber) 30) . It is expected that the liposome could be easily immobilized through its loading into such a porous space and the following immobilization via polymer gel formation as schematically shown in Fig. 1 .
In this study, a method for the liposome immobiliza- 
Experimental
2.1 Materials 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was purchased from NOF Co. Ltd. (Nagoya, Japan). Polyacrylate (PA), hyalurolic acid (HA), and xanthan gum (XG), used for the hydrophobic COOHharboring polymer, were purchased from the WakoPure Inductries (Osaka, Japan). Carboxymethyl-cellulose (CMC, product ID: 039-01335) was also purchased from Wako. Polyethyleneimine (PEI), used for the hydrophobic NH2-harboring polymer, were purchased from the Sigma-Aldrich (USA). Rhodaminephosphatidylethanol amine (Rh-PE), used for the modification of liposome membrane, was purchased from Molecular Probes (MO, USA). Water soluble carbodiimide hydrochloride (WSC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride), calcein, and HOBt (1-Hydroxy-1H-benzotriazole, monohydrate) were purchased from Dojindo Chemicals (Tokyo, Japan). Other reagents of analytical grade were purchased from Wako.
Liposome Preparation
The POPC liposome including 1 mol% Rh-PE and 1 mol% biotinyl-phosphatidyl ethanolamine was prepared by using the following procedure according to the previous work 5) . For the preliminary experiment to test the clearance of the module, the POPC liposome including 30 mol% cholesterol was also prepared. The phospholipid was dissolved in chloroform/methanol.
After the solvent was evaporated, the resulting thin film was dried for at least 2 h under a vacuum. The 
Gel Preparation
The hydrogel of anionic polymer and cationic PEI was prepared by using the amino coupling method.
After the anionic polymer solution (0.25 wt%), such as xanthan gum (XG), polyacyrylate (PA), and hiarilic acid (HA), was activated with WSC (11 mg/ml) and 11mg/ml HOBt, the PEI solution at different concentrations (0.1 ～ 1 wt%) was mixed with the above anionic polymer solution at room temperature. The water contents of obtained hydrogel were analyzed by calculating the weight of the hydrogel before and after the drying. In the case of the hydrogel formation on the membrane of the hollow fiber module, the POPC liposome was first loaded into the hollow fiber membrane.
After the clearance of the liposome solution was confirmed, anionic polymer (XG (0.5 wt%)) activated by WSC/HOBt was then loaded into the membrane module for 20 min and, secondly, the PEI solution was applied to the membrane module for 30 min.
Membrane Module Operation
Hollow fibers were obtained from a commercial polysulfone (PS) dialyzer (Toraysulfone TS-U, Toray, Japan). This commercial dialyzer was broken up to retrieve the hollow fibers. A mini module, used for the housing of the immobilized liposome membrane, was prepared by using the retrieved hollow fibers (100 fiber membranes). The membrane module was connected to the silicone tube with the inner diameter of 1 mm with the length of 130 cm. The total volume of the module and the lines were determined by the preliminary experiment and was found to 3 ml. The peristaltic pump was equipped in the flow line of silicone tube. A manometer was set at the side of the filtrate. Before the sample loading, the water solution was applied to avoid the possible contamination by the impurities.
Measurements
The concentration of the liposome was monitored from the optical density of the solution at 405 nm (OD405). The amounts of leaked calcein loaded in the liposome were determined from the absorbance at 415 nm. The total amount of calcein in the liposome immobilized in membrane module was determined from the calcein leakage after washing module by 1 wt% Triton X-100 solution to disrupt the liposome structure.
Results and Discussion

Polyions-Conjugating Polymer Complex to
Form Hydrogel
The anionic polymers harboring COOH group can be conjugated with polycationic polymer harboring amine group via amino-coupling method. There are some anionic polymers which are known as a biocompatible polymers in respect to the hydrophilicity and also the high water contents in the formed gel. The preparation and characterization of the conjugatedpolyion complex were carried out as the preliminay experiment to prepare the immobilized liposome membrane module.
Effect of Polymer Type on Hydrogel Preparation
By using several kinds of polymers, such as polyacrylate (PA), carboxymethyl-cellulose (CMC), hyalurolic acid (HA), and also xanthan gum (XG), the hydrogel was formed by using polyethylene imine (PEI) as an amino-donating polymer through the amino coupling method using WSC. It was thus found that the XG/PEI gel was optimal as a soft-polymer interface to modify the PS membrane module. The XG/PEI gel was used in the following experiment.
Effect of Operational Condition for XG/PEI Gel Preparation
The effect of the preparation condition on the XG/PEI gel formation was investigated. The obtained results were shown in Fig. 3 . As shown in Fig. 3(a) , the effect of the PEI concentration on the water con- It was thus found that the 2 mg/ml XG and 2.5 mg/ml PEI could be effective for the appopreate gel formation in water solution considering the water contents of the prepared gel. 
Preparation of Immobilized Liposome
Membrane Module
The immobilized-liposome membrane module, schematically shown in Fig. 1 , was prepared based on the above pre-investigation on the hydrogel formation.
The operational scheme for the liposome immobilization was shown in Fig. 4 . The dialysate side (outside of the fiber membrane) of the membrane module was connected to the reservoir including samples such as liposome and polymers, where this flow line was equipped with peristaltic pump and manometer ( Fig.   4(a) ). This is because the wide cavity of the channel existed in this dialysate side. The filtrate was recovered from the blood side (inside of the fiber membrane) through the flow line equipped with peristaltic pump (Fig. 4(a) ).
The POPC liposome with 100 nm was first loaded the PS membrane module from the dialysate side (from housing side) with circulation mode (Fig. 4(b) Step I), confirming that all the liposome (more than 99%) was cleared in 40 min at 1 ml/min from the reserver based on the optical density (a typical example was shown in Fig. 5 ). The aqueous solution of XG (1 mg) activated by WSC was then applied to the module for 20 min to fill the empty space between the liposomes on the PS membrane surface. Almost all XG molecules were entrapped on the PS membrane because of its large molecular weight (average moleular weight: 2000 kDa) (Fig. 4(b) Step II). At the final stage, the aqueous solution of PEI was loaded to the module in order to form the XG/PEI gel on the surface of PS membrane (Fig. 4(b) Step III). After this operation, the pressure drop between the PS membrane was increased from 2.0 kPa to 4.7 kPa, showing that the gel was formed inside a channel of the PS membrane.
Although the resistance of the water filtration was increased after the gel formation, the value was found to be high enough to be utilized for the reactor and/or separator.
The photo image of the immobilized liposome membrane module was shown in Fig. 6 . The POPC liposome was herewith colored with fluorescence probes, such as 100 mM calcein (entrapped inside inner aqueous phase, Orange Color) and Rhodamine-PE (modified with membrane itself at 2 mol%, Red Color) in order to estimate the immobilized amounts of liposome. In contrast to the normal membrane module (Fig. 6, Control) , the fluorescence-labelled liposome was observed in the hollow fiber module ( (Fig. 6, Module-(B) ). Table 1 .
Characterization of Immobilized Liposome
Membrane Module
The calcein leakage of sequential immobilization (Fig.   6 , Module (A)) was found to be 10 times higher than that of the non-sequential immobilization (Fig. 6,   Module (B) ). This could be because of the disruption of the liposome during the XG/PEI gel formation. In the case of the sequential loading of the polymer, the XG polymer was first packed inside a channel and the PEI closss-links the packed XG gel, resulting that the liposome was not disrupted during this operation.
The result on the immobilized liposome, determined from the calcein leakage, was compared with previous data on the immobilized liposome chromatography (Table 1 ). The amount of immobilized lipid shows 820 μmol/ml-PS-membrane and is 27 ～ 40 times larger than that in the case of immobilized liposome hydrogel 32, 33) . The difference of the present membrane module and previous immobilized liposome gel matrix is caused by the difference of the immobilization method. In the case of the immobilization of liposome on the gel matrix, the surface area of the gel surface to be immobilized was restricted 32) . However, the present method enables us to immobilize the liposome because the liposome was first loaded into hollow fiber module with highly porous membrane. In addition, various kinds of liposome could also be immobilized by using this method because the loaded liposome was physically immobilized through the creation of gel matrix in between the liposomes.
The stability of the liposome immobilized on the PS membrane surface is also important factor for the practical use 32, 33) . The time course of the calcein leakage was monitored after the above HF-ILMs were pre- 
Conclusion
The immobilized liposome membrane module was newly developed by employing the sequential immobilization technique of liposome and polymers for gel matrix. The XG/PEI gel was employed as a gel for the liposome immobilization. The immobilized liposome membrane module, prepared at optimal condition, was found to exceed in the following aspects: (i) high immobilization, (ii) high stability, (iii) high efficiency.
Considering the immobilization principle, this method could be applied for the immobilization of various kinds of liposome. It has previously reported that the liposome has a molecular chaperone-like function 5 ～ 7) and the immobilized liposome gel column was applied to the protein refolding column 1) . Recently, the liposome could induce the enzyme-like function (LIPOzyme) 12 ～ 19) . The previous findings show that the liposome could be utilized as a catalytic material. contribute to the possible applications shown above.
The possible applications are now under investigation.
